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GENERAL INTRODUCTION 
Two distinct polyglucose phosphorylases (a-l,4-glucan: orthophos­
phate glucosyl transferase, E. C. 2. 4. 1. 1.) have been reported to 
be present in Esdhevidhia QoZi K-12 (1). One of the enzymes is a 
constitutive glycogen phosphorylase and the second enzyme is a 
maltodextrin phosphorylase which is induced by maltose. Glycogen 
phosphorylase requires glycogen for maximal activity while maltodextrin 
phosphorylase shows maximal activity with short chain dextrins as 
the polyglucose acceptor. The shortest maltodextrin which can readily 
be phosphorylized by maltodextrin phosphorylase is maltopentaose and 
maltoheptaose is the best substrate. Schwartz and Hofnung (2) suggested 
that maltodextrin phosphorylase in E. coH was concerned with the 
intermediary metabolism of maltose, and the function of the enzyme 
was to catalyze the phosphorolysis of the maltodextrins synthesized 
by amylomaltase. 
Maltodextrin phosphorylase of E. coti has been purified and 
found to possess enzymatic properties similar to animal and plant 
polysaccharide phosphorylases (1, 2). This enzyme was shown to 
contain one mole of pyridoxal 5'-phosphate per mole of protein 
indicating that maltodextrin phosphorylase is a simple monomeric 
system; whereas, glycogen phosphorylase molecules in animals or 
plants consist of dimeric or tetrameric structures which involve 
complicated subunit interactions. Detailed kinetic studies of 
the complex multisite system of liver and muscle glycogen 
2 
phosphorylases have been done (3, 4). These investigators tentatively 
suggested a rapid equilibrium random Bi-Bi kinetic mechanism. The 
present work was undertaken to investigate the enzyme mechanism of 
the simpler bacterial phosphorylase to firmly establish the kinetic 
mechanism. The information can then provide the framework for 
further studies, such as pH dependence of kinetic parameters, to 
elucidate the role of specific functional groups in phosphorylase 
catalysis. 
In addition to the knowledge of the mechanism of maltodextrin 
phosphorylase catalysis in vitro and the control of enzymatic 
activity by physiological conditions, it is of equal importance 
to understand the regulation of enzyme synthesis. Thus, a detailed 
investigation was undertaken to determine the mechanism of regulation 
of phosphorylase synthesis. Preliminary studies of the biosynthesis 
of enzymes, maltose permease and amylomaltase, which are involved 
in the utilization of maltose in E. ooli, were also done. 
3a 
FART I. KINETIC MECHANISM AND pH DEPENDENCE 
OF KINETIC PARAMETERS OF MALTODEXTRIN 
PHOSPHORYLASE 
3b 
INTRODUCTION 
In order to understand an enzyme mechanism, it is essential 
to determine the amino acid residues involved in the catalytic 
processes, since this is a prerequisite for the construction of 
reaction mechanism involving the enzyme molecule. One of the 
approaches for obtaining this knowledge is through the study of 
enzyme kinetics and the pH dependence of the kinetic parameters. 
A study of enzyme kinetics is extremely important, as it gives the 
information about the mechanism of action of the enzyme concerned. 
Three main types of enzyme mechanisms have been established for 
two substrate systems, namely, ping-pong Bi-Bi, ordered Bi-Bi and 
rapid equilibrium random Bi-Bi type (5). There are many ways to 
elucidate the kinetic mechanism of enzyme action, such as initial 
rate measurement, competitive inhibition studies, product inhibition 
studies and isotopic exchange rate measurements. 
The complete establishment of a kinetic mechanism can serve 
as the basis for the pH kinetic studies. A detailed kinetic study 
of the catalyzed reaction may be made under the conditions which 
will affect the ionization of amino acid residues involved in the 
formation of the enzyme-substrate complex and in the subsequent 
conversion into free enzyme and product. From such investigations, 
the pH dependence of kinetic parameters, maximal velocity (Vmax), 
and Michaelis constant (Km) can be determined, and the pK values 
for the functional groups involved in the binding and the catalytic 
4 
process can also be obtained. Thus, the corresponding amino acid 
residues which participate in the enzymic catalysis may be indirectly 
identified. 
5 
EXPERIMENTAL PROCEDURE 
Materials 
Glucose 6-phosphate dehydrogenase, phosphogluconutase, potassium 
glucose 1-phosphate, uridine dlphosphoglucose, and carrier-free 
32p-phosphoric acld In 1 N HCl were obtained from Calbiochem. TPN 
was purchased from Sigma Chemical Company. The substrate, malto-
heptaose was either a gift of Dr. Walter Verhue or prepared by 
digestion of amylose by a-anylase and then purified on paper 
chromatography (6). The Inhibitor, maltotetraose, was a gift of 
Mukhtar Abdullah. Other chemicals were of reagent grade. 
E. Qol% strain K-12 Hfr H was kindly supplied by Dr. Austin L. 
Taylor. Maltodextrln phosphorylase was prepared from E. coït by 
the procedure of Schwartz and Hofnung (2). 
Methods 
Kinetic mechanism 
Initial velocity measurements were made in a Gary 15 spectro­
photometer using the 0.1 absorbance slide wire. The reaction 
mixture samples were Incubated at 28° by circulating water from 
a temperature-controlled bath through thermospacers. Reactions 
were initiated by addition of phosphorylase and initial rates 
were determined with a couple assay system described by Helmreich 
and Cori (7). Phosphorylase activity was measured by following 
the production of TPNH at 340 nm» Reactions were all carried out 
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at pH 7.0. The phosphorylase concentration was 1.2 yg/ml. In the 
inhibition experiments, maltotetraose and uridine diphosphoglucose 
were used as inhibitors for the two substrates. Pi and maltoheptaose, 
respectively. Velocity is expressed as molarity of product formed 
per minute. 
Exchange Rate Measurements. The equilibrium reaction mixtures 
were prepared to contain inorganic phosphate and glucose 1-phosphate 
at their respective equilibrium concentrations at pH 7.0 (8). To 
ascertain that these reaction mixtures were fully equilibrated, 
aliquots were removed at various intervals and tested for Pi concentra­
tion by measuring the absorbancy of the phosphomolybdate complex at 
310 nm according to the procedure of Berenblum and Chain (9). Little 
or no change in concentration of inorganic phosphate was detected 
after 15 min. of incubation with enzyme. At this time, trace amounts 
of ^^P and ^'^C-glucose 1-phosphate were added to the reactions, and 
the equilibrium exchange rates were measured. The amount of radio­
activity added as ^^P incorporated into glucose 1-phosphate was 
determined by first separating Pi and glucose 1-phosphate (9) and 
measuring the radioactivity of their respective fractions on a 
Nuclear-Chicago gas—flow counter, Model C—110 B. Exchange of ^^C-
glucose 1-phosphate into dextrin was assessed first by separating 
the two components by high-voltage electrophoresis with a Gilson 
Model D high-voltage electrophorator. Radioactive glucose 1-
phosphate and dextrin were identified by radioautography with 
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Kodak X-Ray film. The radioactive spots were cut out and counted 
on Tri-Carb liquid scintillation spectrometer, Packard Model 3310. 
pH kinetic studies 
The initial velocity of the phosphorylase activity was determined 
as described above except that the reaction was carried out at 30° 
using a Gary 14 spectrophotometer. The reaction mixture was the 
same as described by Helmreich and Cori (7), except 0.02 M Tris-maleate 
was used instead of Tris-HCl, and the final pH of each reaction 
mixture was as indicated in the figures and ranged from pH 5.6 to 8.5. 
Ionic strength was maintained constant in all reaction mixtures 
by the presence of 0.1 M KCl. The final concentrations of the 
two auxiliary enzymes, phosphoglucomutase and glucose 6-phosphate 
dehydrogenase were adjusted for each pH value investigated to 
assure that their activities were not limiting the formation of 
TPNH. The Vmax and Km were determined at five different concentrations 
of maltoheptaose and inorganic phosphate. The concentration range 
for maltoheptaose was 1.36 to 21 mM, and that of inorganic phosphate 
was 0.56 to 6.67 mM. 
8 
RESULTS 
Kinetic Mechanism of Maltodextrin Phosphorylase 
Initial Velocity Studies; Kinetic equations have been derived 
for a variety of mechanisms of enzyme-catalyzed reactions utilizing 
two substrates (5, 10, 11). The reaction catalyzed by polysaccharide 
phosphorylase is similar in that two substrates are involved in the 
reaction but is different in that one of the substrates, polysaccharide, 
can serve equally well in the back reaction as a product. The fact 
that initial velocities, thus measured, are always determined in the 
presence of one of the products makes the rate equations somewhat 
different than the common two-substrate systems. The consequences 
of this dual role of polysaccharides for different enzyme mechanisms 
are presented in the following equations. 
Mechanism I. Rapid Equilibrium Random Bi-Bi. 
E, G, P, and P', are, respectively, enzyme, glucosyl polymer. Pi, 
and glucose 1-phosphate. The complex EG represents binding of 
the polysaccharide for phosphorolysis; the complex EG' indicates 
binding of G for elongation of the polysaccharide chain. Since 
both of these complexes would be present in either the forward 
or reverse reaction, these must be considered in the derivation 
of the initial velocity equations. The eight dissociation constants 
9 
and two rate constants are given. The rate equation in relation 
to total enzyme, E^, initial rate, V, and substrate concentrations 
for phosphorolysis is 
i = i + ^4 + (1+^) ^3 + ^iS (1) 
V k^(G) k^(p) k^(G)(P) 
This equation is identical in form with general equation for the 
rapid equilibrium random Bi-Bi mechanism, but differs in the 
1/phosphate coefficient by the factor (1 + K^/K^). If we assume 
that the affinity of the enzyme for glucosyl polymer for synthesis 
and degradation is identical (i.e^., K^=Ky), then the coefficient of 
P' G (A) 
SI ^6 ^7 1^8 
E EG EGP EG' E 
The rate equation for the mechanism where the glucosyl polymer is the 
first substrate to bind and the last product to dissociate is 
\ = (_1 + + ^8 ) + 1 + 
V k^ k^ k^ky k^(G) k^k^CP) 
k^k^k^(G) (P) 
As was the case for Mechanism I, this ordered mechanism does not give 
a rate equation which differs in form from the general equation for 
two-substrate systems. The constant term and the coefficient for 
1/phosphate is ZKg instead of K^. 
Mechanism II. Ordered Bi-Bi. 
\ 1^ 2 3^ 1^ 4 
1 + ^ 2^8 
kik^ 
( 2 )  
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1/phosphate do, however, differ significantly. 
r 
4^' I' 
•=3 P4 I' S 1^6 8 (B) 
E EP EGP EP' E 
Miere Pi is the first substrate to bind and glucose 1-phosphate is 
the last product to dissociate, the rate equation is 
- + % , 
=i(p) [ 
k^k? 
(3) 
1 + 
kjkgCG) 
+ ^2 
k^ kgk^ (G)(P) 
This equation is strikingly different not only in the significance 
of the coefficients but also in form from the general case. It 
predicts that a plot of the reciprocal of initial velocity will be 
a nonlinear function of the reciprocal of the concentration of 
the glucosyl polymer. The Lineweaver-Burk plot with respect to 
Pi will, however, be linear. 
Mechanism III. Bi-Bi Ping-Pong. 
G G P P' 
I' 
1=3 \h 8 
EG E' E'P 
E' and E'P are, respectively, glucosyl-enzyme and a glucosyl-
enzyme complex with Pi. E, G, P, and P* were as defined previously. 
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The rate equation for this mechanism is 
Et 11 (kg+kg) (kg+ky) 
= (r + T7-) + 1. V + 
V ky k^ (G) k^ky(P) (4) 
+ k^(kg+ky)(G) 
kgkgky(P) 
This equation predicts that a Lineweaver-Burk plot with respect to 
Pi or polysaccharide will be distinctly different from the usual 
Bi-Bi ping-pong mechanism. With respect to Pi the plots will show 
converging line patterns at different concentrations of the fixed 
substrate, polysaccharide. The slopes of these lines, for this 
mechanism, actually increase with increasing concentration of 
polysaccharide. With respect to polysaccharide, Lineweaver-Burk 
plots should be nonlinear. 
Results of initial velocity measurements with maltodextrin 
phosphorylase are shown in Figures 1 and 2. The kinetic data were 
obtained from studies in the direction of phosphorolysis utilizing 
maltoheptaose as a substrate. All the double reciprocal plots 
are linear and show converging line patterns. Secondary plots 
of slopes and intercepts as a function of the reciprocal of the 
second substrate also give linear plots (Figures 3 and 4). These 
experimental findings tend to support Mechanism I or 11^ for 
coli phosphorylase and appear to exclude Mechanism Ilg and III. 
Inhibition Studies: As the measurement of initial velocities 
as described in the first section did not allow an unequivocal 
Figure 1. Double-reciprocal plot of initial reaction velocity, y vs. dextrin 
Pi concentrations were held constant at 0.42 (A), 0.56 (B), 0.83 (O), 1.67 (•), and 
6.67 mM (0). Velocities are expressed as the molar concentration of TPNH formed in 
the reaction mixture over a period of 1 min after addition of enzyme. Other experi­
mental details are given under Experimental Procedure. 
2 3 4 5 
^ DEXTRIN^ ^ ^ 
Figure 2. Double-reciprocal plot of initial reaction V VS. Pi 
Dextrin concentrations were held constant at 1.36 (A), 2.04 (81), 4.12 (Q), 8.24 (•), 
and 20.58 mM (O). Velocities are expressed as in Figure 1. 
0 8H 
0.6 
0 . 4  
0 0 4 0 8 12 16 2 4 
( ) X 10-3 M"' 
P I 
Figure 3. Secondary plots of the intercepts from the two primary Lineweaver-Burk plots 
(0) Figure 1 and (A) Figure 2 
INTERCEPTS X 10*^ 
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a 
Figure 4. Secondary plots of the slopes from two primary Lineweaver-
Burk plots 
(0) Figure 1 and (A) Figure 2 
SLOPES X 10 
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choice of a kinetic mechanism for E. aoli phosphorylase, kinetic 
studies were undertaken in the presence of competitive inhibitors. 
It has been shown by Fronm (12) that studies in the presence of 
competitive inhibitors will permit a choice between ordered and 
random mechanisms for two-substrate systems. This approach has 
been used in the study of the mechanism of yeast hexokinase (13). 
For Mechanism 1 the rate equation in the presence of a competitive 
inhibitor for polysaccharide is 
 ^= ]^  + 4^ (1 + _^ ) + 3^ (1 + ^ ) /c\ 
V k^ k^(G) Kii k^(P) ^ ^ 
+ Vs (1 + 1_) 
k^(G)(P) Ki 
Where Ki and Kii are dissociation constants for the interaction 
of the inhibitor with the free enzyme and the enzyme-phosphate 
complex, respectively. In the presence of a competitive inhibitor 
for phosphate, the rate equation becomes 
= i_ + ^3 (1 + ^ ) (1 + I ) + ^4 
V k^(P) Ky Kii k^(G) (6) 
+ Vs (1 + I_) 
k^(G)(P) Ki 
Ki and Kii are dissociation constants for binding of inhibitor with 
free enzyme and enzyme-glucosyl polymer, respectively. 
Equation 5 predicts that an inhibitor that is competitive 
with respect to polysaccharide will be mixed with respect to Pi. 
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In the presence of a competitive inhibitor for phosphate eq. 6 
shows that corresponding symmetrical plots will be obtained. 
FronM (12) and Zewe, et at. (13) showed that for ordered 
mechanisms a competitive inhibitor for the second substrate will 
act as an uncompetitive inhibitor with respect to the first 
substrate. The rate equations for maltodextrin phosphorylase 
for the two ordered mechanisms in the presence of inhibitors, 
again, are different from the general case. For the ordered 
mechanism where the glucosyl polymer is the first substrate to 
bind and last product to dissociate (11^), the rate equation in 
the presence of a competitive inhibitor for polysaccharide is 
•r ° ^ (1 + iï + * 
f t ,  +  y  ; V  [ 1 + ^  
kgk (P) k^kgkg(G)(P) Ki KiKii 
Where Ki is the dissociation constant for the interaction of the 
inhibitor with the free enzyme and Kii is that of enzyme-inhibitor 
complex with Pi. In the presence of a competitive inhibitor for 
phosphate, the rate equation becomes 
f ' + <^ 7 + k^ >+ fer' * k]ic) + k^ kjk k (P)^  ' 
Kii'J kgkgCP) I Kii' k^kgkg(G)(P) 
Where Kii and Kii* are dissociation constants for the interaction of 
inhibitor with enzyme-G and enzyme-G' complexes, respectively. G a 
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G' were defined previously. 
Equation 7 predicts that a competitive inhibitor for the glucosyl 
polymer will show nonlinear inhibition for phosphate; eq. 8 shows 
uncompetitive inhibition with respect to the glucosyl polymer and 
mixed inhibition with respect to phosphate. 
For the other order case the rate equation in the presence 
of an inhibitor that binds at the same site as the phosphate is 
fr tl_ ,1_ V ^4 
V " Ikg + ky + kgkgCG) ^ kgky 
+ g + "2%) [1 + I_ + (I) (G), 
k^(P) k^kgk^-' ^ Ki KlKll J 
2^*4 + fc;) I_ , J 
* kjkjkjCGXP) K1 ^  KlKli ' 
Where Ki is the dissociation constant for the interaction of the 
inhibitor with the free enzyme and Kli is that of enzyme-inhibitor 
conçlex with glucosyl polymer. When an inhibitor occupies the 
same site as the glucosyl polymer, the rate equation is 
iT - (1 + iîîr) + ^ iè' 
+ ^  + : 
kgk, " kj^(P) 
1 , We 
kgk^k? 
kgCky + kg) (10) 
k^k^kJCGHPT 
Where Kli and Kli* are dissociation constants for the Interaction 
of the inhibitor with enzyme-P and enzyme-P* complexes, respectively. 
P and P* were defined previously. 
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Equation 9 predicts that a competitive inhibitor with respect 
to Pi will show nonlinear plot and different 1/V intercepts at 
various levels of inhibitor with respect to the glucosyl polymer. 
Equation 10 shows uncompetitive inhibition with respect to Pi and 
mixed inhibition with nonlinearity with respect to glucosyl polymer. 
In Figures 5-8 results of inhibition studies are illustrated 
for E. ooli- phosphorylase. Maltotetraose was found to be a 
competitive inhibitor for maltoheptaose and was used in experiments 
of Figures 5 and 6. It was shown earlier by Schwartz and Hofnung 
(2) and confirmed in this laboratory that maltotetraose is not 
further degraded in E. ooZi, phosphorylase. Since Maddaiah and 
Madsen (4) found that UDP-glucose was a competitive inhibitor for 
Pi with liver phosphorylase, UDP-glucose was used in the inhibition 
experiments of Figures 7 and 8. The data illustrated in the presence 
of two concentrations of maltotetraose (Figures 5 and 6) give 
Lineweaver-Burk plots which are predicted by eq. 5. Similarly, 
the plots for inhibition by UDP-glucose (Figures 7 and 8) conform 
to the predictions of eq. 6. Since parallel lines were not observed 
in any of the inhibition plots and the inhibitors for the glucosyl 
polymer and for phosphate give linear competitive kinetics, these 
results support strongly the rapid equilibrium random Bi-Bi 
mechanism for E. coli phosphorylase. 
Isotopic Exchange Measurements: Boyer (14) and Boyer and 
Silverstein (15) have developed the theory for the relationship of 
Figure 5. Double-reciprocal plot of initial reaction velocity vs. dextrin in the presence 
and in the absence of maltotetraose 
Pi concentration was held constant at 1.67 mM and dextrin varied in the 
concentration range 20.58-1.03 mM. Maltotetraose concentrations 
are none (0), 4.12 mM (•), and 8.24 mM (a). Velocities are expressed as 
in Figure 1. 
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Figure 6. Double-reciprocal plot of velocity vs. Pi in the presence and in the absence of 
maltotetraose 
Dextrin concentration was held constant at 4.12 mM and Pi varied in the 
concentration range 6.67-0.56 mM. Maltotetraose concentrations are none 
(0), 4.12 mM (A), and 8.24 mM (•). Velocities are expressed as in 
Figure 1. 
0.8 
0 4 
0 4 0,8 2.0 
Figure 7. Double-reciprocal plot of initial reaction V vs. Pi in the presence and in the 
absence of UDP—glucose 
Dextrin concentration was held constant at 8.24 mM and Pi varied in the concentration 
range 6,67-0.56 mM. UDP-glucose concentrations are none (0), 0.5 mM (A), and 1 mM (®). 
Velocities are expressed as in Figure 1. 
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Figure 8. Double-reciprocal plot of initial reaction V vs. dextrin in 
the presence and in the absence of UDP-glucose 
Pi concentration was held constant at 1.67 mM and dextrin 
varied in the concentration range 20.58-1.36 mM. UDP-
glucose concentrations are none (0), 0.5 mM (A), and 1 mM 
(•). Velocities are expressed as in Figure 1. 
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substrate and product interchanges at equilibrium to enzyme mechanisms. 
The measurement of isotopic exchange rates at equilibrium has been 
used extensively by many investigators and is a helpful tool in 
elucidating the kinetic mechanism for two substrate systems. For 
mechanism I, the exchange rate between ^^Pi J glucose 1-phosphate 
is given in eq. 11. 
% 
Kequil. 
K5K7 (G) L " ^8 -I (11) 
r KK Kequil. 1 
^ n S J
(P) [ 3 
K, 1 K, K, 13 
(G)(P) 
Where Kequil. = (G')(P*)/(G)(P) = (P')/(P). The equation for the 
exchange rate between ^'^C-glucose 1-phosphate t- dextrin is similar 
to the equation for the ^^P Z glucose 1-phosphate exchange as 
shown below. 
'A 
1_ TK 1 1 
(G) L 6 K^Kequil.j ' (G)(P') 
K^KgKequil. (P') ^ 5 K^ 
+ _ . . . . ss 
(12) 
For Mechanism the exchange rate between 32p ^ glucose 1-
phosphate is given by eq. 13. 
% (13) V = 
(k^  + k )r 1_ + 1  ^ kfkR . __^ 2_T 
J_ kjCP) k^kjkjCP) k^k^(G)(P) j 
33 
The equation for the exchange rate between ^'^C-glucose 1-phosphate ^ 
dextrin is shown in eq. 14. 
V - % (14) 
. 
+ h I 
^k^kgk8(G')(P')J 
4^^ 6 (P ' ) kgk^ kgkg (P ' ) 
Equation 13 predicts that the exchange rate between and glucose 
1-phosphate should be increased by increasing amounts of dextrins 
while eq. 14 shows that the exchange rate between ^^C-glucose 1-
phosphate and maltoheptaose should be considerably inhibited 
by increasing amounts of glucose 1-phosphate and Pi. The extent 
to which l^C-glucose 1-phosphate and maltoheptaose exchange may 
be inhibited depends on the rate of dissociation of EG' complex 
relative to the rate of reaction of glucose 1-phosphate with the 
EG'complex. If the latter is much less than the former, no 
inhibition of exchange could occur at all reasonable concentrations 
of glucose 1-phosphate. 
For Mechanism II_ the exchange between ^^P $ glucose 1-phosphate 
3 
is given in eq. 15. 
V . 
+ kgKequil. ^ 
1 + 
k^kgkgky(G) k^kgkg(G)(P) ] 
kgk^kg kgkgkg(G) 
(15) 
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The equation for the exchange rate between l^C-glucose 1-phosphate ^  
dextrin is shown in eq. 16. 
'A 
[kjk? + + k^kgCG)] V» + kg + ''i + 1 
Vs k2Kequil. (G) (G)(P')J 
Equation 15 predicts that the exchange rate between and 
glucose 1-phosphate should be drastically reduced as the enzyme 
becomes saturated with maltoheptaose. Similar to the case of 
eq. 14, the inhibition of the exchange between and glucose 1-
phosphate for ordered Mechanism II_ depends upon the relative 
D 
rate of the dissociation of the EP' complex and its reaction 
with maltoheptaose. Equation 16 predicts an inhibition of the 
exchange rate between l^C-glucose 1-phosphate and maltoheptaose by 
increasing amounts of maltoheptaose. 
For ping-pong mechanism, the exchange rate between ^^P ^ 
glucose 1-phosphate is given in eq. 17. 
V = 
^ ^  ^ (kg + k^) (k^kg + kgk^) ^  k^(kg + k^) (G) (17) 
kg k^k^k^(P) 
The equation for the exchange rate between ^"^C-glucose 1-phosphate 
dextrin is shown in eq. 18. 
2^^ T 
3^(^ 6 + ky) + ^ 5^ 7(^ 2 1 Fl + (18) 
kgkg(P') k^kgkgKequil. (G)J {, k^k^ 
kg k 
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Eq. 17 predicts that the exchange rate between and glucose 
1-phosphate should be reduced by Increasing amounts of dextrins, 
while eq. 18 predicts that the exchange rate between ^^C-glucose 
1-phosphate and maltoheptaose should be inhibited by increasing 
concentrations of glucose 1-phosphate and Pi or of maltoheptaose. 
The findings of isotopic exchange experiments at equilibrium 
are illustrated in Figures 9 and 10. In Figure 9 maltoheptaose 
was held constant at 61.7 mM. Pi and glucose 1-phosphate were 
varied at a constant ratio (3 : 1) up to a concentration of Pi 
approximately five times its Km value. From Figure 9 it can 
be seen that the isotopic exchange rates between glucose 1-phosphate 
and maltoheptaose increase and begin to level off as saturation 
of the enzyme with Pi and glucose 1-phosphate is approached. 
In Figure 10 Pi and glucose 1-phosphate were held in a constant 
ratio at a fixed concentration, while maltoheptaose was increased 
in concentration to over 20 times its Km value. Both exchanges 
increased and leveled off as predicted by the theoretical 
equations 11 and 12 for Mechanism I. Again these data exclude Mechanism 
11^, Ilg, and III. 
The results of Figures 9 and 10 show that the exchange rate 
between glucose 1-phosphate and maltoheptaose is considerably 
faster than the exchange between glucose 1-phosphate and Pi. 
Since the exchange between glucose 1-phosphate and Pi should be 
equal or greater than the glucose 1-phosphate-and maltoheptaose 
Figure 9. The effect of PI and glucose l~phosphate concentrations on equilibrium reaction 
rates catalyzed by phosphorylase 
The reaction mixtures contained at 30°: 20 mM glycerophosphate and 0.5 mM 
dithiothreltol (pH 7.0), 61.74 mM dextrin, 10 yg of E. Qot-i phosphorylase/ml, 
Pi, and glucose l-phosphate (pH has been adjusted to 7.0) as shown In the 
figure. After 15 mln incubation, trace amounts of 32pi and ^"^C-glucose l-phosphate 
were added to separate reaction mixtures. Allquots were removed and analyzed to 
extent of Interchange as discussed in the Experimental Procedure. 
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Figure 10. The effect of dextrin concentration on equilibrium reaction rates catalyzed by 
phosphorylase 
The reaction mixtures contained at 30°: 20 mM glycerophosphate and 0.5 mM 
dlthlothreltol (pH 7.0), 1 mM Pi and 0.32 mM glucose 1-phosphate, 10 yg of 
E. QoVi phosphorylase/ml, and dextrin as shown In the figure. Other 
experimental details are given In Figure 9. 
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exchange for Mechanism 11^, these data alone eliminate this 
mechanism. The exchange data do not eliminate Mechanism Ilg. 
However, the inhibition experiments described earlier completely 
eliminates Mechanism Ilg. Therefore, it would appear that the 
isotopic exchange data must be rationalized in terms of a random 
mechanism. This is possible, if the interconversion steps between 
the ternary complexes are not solely rate limiting. Similar results 
are obtained by Fromm, et at. (16) in their study of yeast hexokinase. 
Kinetic Constants: By using the data from Figures 1-4, 
we calculated the kinetic coefficients (17) and the corresponding 
kincitic constants for the rapid equilibrium random Bi-Bi mechanism 
(Table I). Only the kinetic constants k^, K^, and could be 
evaluated since it is not known whether the dissociation constants 
and are identical. 
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Table I The relationships between the kinetic coefficients and 
the corresponding kinetic constants^ 
Corresponding Kinetic 
Kinetic Coefficients Constants 
<|)q = 0.05 mg of protein x min k^  = 20 ymoles/min per mg 
per ymole 
4>2_ = 149 min x mg K^ = 3 mM maltoheptaose 
(p2 - 36 min x mg K^^ = 3.4 mM Pi 
<Pj^2 ~ 0-45 mole x min x mg 
%n» > *9 » and are, respectively, 1/k-, K,/k^ , (K,/k ) (1 + 
K^/Ky)rand^K^K^/k^. 1 ^ 1 J i 
^From the intersection in the upper left-hand quadrants of 
Figure 2. 
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pH Dependence of Kinetic Parameters 
The kinetic mechanism of maltodextrin phosphorylase was 
established to be a rapid equilibrium random Bi-Bi type by (1) 
initial velocity experiments, (2) studies with inhibitors, and 
(3) isotopic exchange measurements at equilibrium. The mechanism 
involving the ionization constants of functional groups of the 
various forms of enzyme is presented in the following scheme: 
EHG'; 
K, 2a 
V 
EG 
EH„P 
EHP 
t 
EP 
3b 
EHgGP 
K, f 4a 
EHGPf: 
h 4b 
EGP 
liEHG'P' 
H represents a proton and the other symbols were defined previously, 
^2a' ^ 2b' ^ a' ^3b' ^ 4a* ^4b ionization constants. 
The pH dependent rate equation relating the initial velocity (V), 
total enzyme concentration (E^) and substrate concentrations is: 
k^(G) (1 + 
H 
» 
(19) 
Kg ^ H 
k^(P)(l + + K, 2a H ) ki(G)(P) 
(1 + H 
K, la 
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Which can be written in the following general form by Dalziel (17). 
Ej *^1 '^2 ^12 
T° *0 W W iGKM ™ 
A series of Lineweaver-Burk plots were obtained for each pH 
value indicated and the intercepts and slopes from the primary plots 
were replotted according to the method of Dalziel (17). The 
corresponding coefficients of (^, and ^-^2' obtained in the 
1 . ^4a . H ^ ^4,, . Sa . H 
secondary plots are — (1 + -— + -—), —(1 + -— + -—) 
k, H H • Kjj,' 
^3 ^2a H H (1 + ^ ) (1 + g— + g—) and —(1 + -— + -—) respectively. 
17 2b 1 lb 
The kinetic coefficients can also be expressed as: 
k E 
Vmax = IT 
Vmax ^l^T 
Vmax = Vï 
Vmax ^l^T 
K^K3(1+|- + ^ ) 
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Where Kg and Kp are Mlchaells constants for G and P respectively; 
Kgp is the complex constant for G and P as defined by Alberty (10). 
The pK values of the eight ionization constants can be evaluated 
from log Vmax and log vs. pH plots, employing a unit scale 
as described by Dixon (18). 
The effect of pH on log Vmax is illustrated in Figure 11. 
The intersection point of the unit slope and the zero slope drawn 
to the curve gives the pK value of 6.1. Thus at infinite substrate 
concentration, i.e., no free enzyme present in the reaction mixture, 
there is an ionizable group on the enzyme with a pK of 6.1, which 
is involved in the conversion of the ternary complex to the product, 
the rate limiting reaction in the catalytic process. 
The plot of log vs. pH gives two inflection points at 
G 
pH 6.1 and 7.7 which correspond to pK^^ and pK^^ (Figure 12). The 
data indicate that the ionization of groups with apparent pK values 
of 6.1 and 7.7 may be involved in the interaction of the binary 
complex EHP and substrate G. Similarly, the plot of log pH 
h 
gives two inflection points at pH 6.4 and 7.5 which correspond to 
pKg^ and pK^^^ (Figure 13). The ionization groups with apparent 
pKs of 6.4 and 7.5 affect the interaction of EHG and P. The two 
functional groups Involved in the ionization of free enzyme were 
determined to be 6.2 and 7.4 from the plot of log vs. 
/ GP 
pH (Figure 14). 
Figure 11. Dependence of log Vmax on pH for raaltodextrln phosphorylase 
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Figure 13. Dependence of log on pH for maltodextrin phosphorylase 
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The data from Figures 11-14 indicate that a functional group 
with an apparent pK around 6.1, possibly an unprotonated imidazolium 
group, or the phosphate moiety of enzyme bound vitamin Bg coenzyme, 
may participate in the reaction mechanism. The other inflection 
point with a pK value around 7.5 suggests that an a-amino group 
may involve in the binding of both substrate, G and F, to the 
various enzyme forms. 
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DISCUSSION 
The reactions catalyzed by E. coVi phosphorylase and other 
polysaccharide phosphorylases are distinctly different from the 
usual two-substrate systems In that one of the substrates, poly­
saccharide, serves as a reactant In the forward and reverse 
reactions. The degree to which these glucosyl polymers can serve 
in both reactions depends upon the size of the polymer and the 
enzyme in question (19). Under limited attack, phosphorylases 
usually do not distinguish between substrate and product. The 
consequence of the dual function of polysaccharide has been 
considered in this work and presented in the various rate equations 
for maltodextrin phosphorylase. It was assumed that the complexes 
EG and EG' indicate, respectively, binding of dextrin for degradation 
and chain elongation. Schematically, these interactions are 
represented in the complexes EGP and EG'P' illustrated in Figure 
15. It can be seen that Pi and the phosphoryl group of glucose 
1-phosphate occupy common sites in the two complexes. The glucosyl 
moiety of glucose 1-phosphate (dark circle of the EG'P' complex) 
is bound at the site where the nonreduclng end of the glucosyl 
polymer binds when phosphorolysis takes place. 
Our results of initial velocity measurements with and without 
inhibitors and of Isotoplc exchange reactions at equilibrium 
support strongly a rapid equilibrium random Bl-Bl mechanism for 
maltodextrin phosphorylase. Maddaiah and Madsen (4) also suggested 
Figure 15. Schematic representation of the complexes for enzyme-glucosyl polymer-Pi and enzyme-
glucosyl polymer-glucose 1-phosphate at equilibrium 
ENZYME 
E G P  
ENZYME 
E G ' P '  
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from their kinetic studies that liver phosphorylase possessed a 
rapid equilibrium random Bi-Bi kinetic mechanism. For their 
mechanism the complexes EG and EG' also signified, respectively, 
binding of enzyme with the substrate, glycogen, and the product, 
a glycogen molecule with one less glucosyl residue. The formation 
of an EG' complex from substrate was not included in their scheme-
Consequently, the rate equation of Maddaiah and Madsen was simpler 
that ours and corresponded to that for the general case for a 
random mechanism by Alberty (11). It is interesting to compare 
the significance of their constants with those expected for our 
random mechanism. The kinetic coefficients, and <})^, and the 
intersection point of the upper left-hand quadrant of the double-
reciprocal plot with respect to phosphate yield the same identities 
for the two cases. The intersection point in the double-reciprocal 
plot with respect to the glucosyl polymer does not give the same 
constant. The equation used by Maddaiah and Madsen (4) predicts 
that the intersection points in the direction of phosphorolysis 
and synthesis correspond to -l/K^ and -1/Ky, respectively. They 
found that these constants agreed very well numerically. For our 
random mechanism, the intersection point is the same for both 
directions and is -(l/K^ + 1/Ky). Equal values for the intersection 
points, therefore, do not mean anything in regard to the relative 
affinities of enzyme for the polymer for synthesis and degradation, 
they just verify what is predictable for the random mechanism. 
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Also, it is because the intersection point of Figure 1 is 
-(1/K^ + 1/Ky) that the dissociation constants K^, and could 
not be evaluated. These constants can only be evaluated when 
equals K^. 
For maltodextrin phosphorylase, it might be expected that 
various dead-end inhibitor complexes could be formed. Such a 
complex might be EG'P where the glucosyl polymer is bound as 
illustrated in the EG'P' complex but in the presence of Pi. For 
random mechanism, the inclusion of the dead-end inhibitor complex, 
EG'P, does not alter the form of the rate equation. The kinetic 
coefficient, ij)^, for this case becomes (1/k^) (1 + K^/K^), where 
Kg is the dissociation constant for the reaction, EG'P t EP + G. 
If such a complex did occur, k^ could not be evaluated, and therefore, 
no dissociation constants could be calculated from the kinetic 
coefficients. Since our experiments do not allow us to decide 
whether such complexes exist or not, dissociation constants and 
k^ were calculated and tabulated in Table I for comparative 
purposes. 
It was found by Schwartz and Hofnung (2) that maltoheptaose, 
maltohexaose, and maltopentaose can be degraded by E. ooli 
phosphorylase but maltotetraose cannot. Out studies show that 
maltotetraose is bound by the enzyme, as we observed that malto­
tetraose is a competitive inhibitor with respect to maltoheptaose 
(Figure 5). Inhibition can be explained by binding of maltotetraose 
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as illustrated in the EG'P' complex of Figure 15 or by binding of 
its nonreducing end at the same position as the nonreducing end of 
maltopentaose in the EGP complex. For the latter case, orientation 
of the catalytic site with substrate would have to be wrong to explain 
the lack of enzymic degradation of maltotetraose. 
The effect of pH on enzymic activity is generally considered 
to be due to the ionization, or deionization, of certain particular 
ionizable groups at or near the active center. Because of reversible 
effects on Vmax and Km, or irreversible inactivation, enzymes are 
usually active within a narrow pH range only; and a pH for optimal 
activity is usually observed. Since the affinity of the enzyme for 
substrate changes when the pH is altered, the true Vmax is determined 
by extrapolation of rate and substrate concentration data to 
"infinite" substrate concentrations. The variation of Vmax of 
maltodextrin phosphorylase as a function of pH shows an inflection 
point in the acidic pH region with no well-defined drop in the basic 
pH region. The plots of log log and log vs. pH 
^ ^GP 
show two inflection points respectively which give the pK values 
important for the substrate binding. Since the kinetic mechanism 
of maltodextrin phosphorylase was established to be a rapid 
equilibrium random Bi-Bi type, the eight ionization constants 
involved in the free enzyme, binary- and ternary-complexes can 
be evaluated. The data from Figures 11-14 indicate that a functional 
group with an apparent pK around 6.1, possibly an imidazole group or 
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the phosphate group of pyridoxal 5 '-phosphate may participate in 
the reaction mechanism. The other inflection point with a pK 
value around 7.5 suggests that an a-amino group may participate 
in the binding of both substrates, G and P, to the various enzyme forms. 
In addition to ionization of functional groups in the enzyme, the 
observed pK values may be due to conformational change, inactivation 
of the enzyme, or ionization of the substrate. 
If one were to attempt to interpret these data in terms of 
conformational changes alone, it would be necessary to assume that 
the groups responsible for the binding of substrates (a) are non-
ionizable, (b) have no effect on the affinity for substrate, or 
(c) are not ionizable within the pH range included in this study. 
If these assumptions are not applicable, it is reasonable to 
assume that distinct pK values are observed corresponding to 
both conformational changes and to groups directly participating 
in the catalytic processes. The conformational change of the 
enzyme molecule as a function of pH can be studied with the aid 
of difference spectrophotometry, circular dichroism or fluorescence 
measurements. 
It is also possible that the effect of pH on enzymic activity 
results from an irreversible inactivation of the enzyme. Thus, 
the enzyme could be exposed to the pH in question and then the 
activity could be determined after readjusting the pH to some 
standard value. If irreversible destruction has occurred, the 
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enzyme will permanently lose activity upon exposure to the pH at 
which inactivation occurs. Maltodextrin phosphorylase in E. ooVi was 
reported to have an optimum pE around 7 and the enz3nse is active within 
the pH range 5.5 to 9.0 (2). The plot of log Vmax as a function of pH 
shows unit slope in the acidic pH. The data in Figure 11 eliminates the 
possibility of irreversible Inactivation of the enzyme, since the Dixon's 
plot would become very complex if the fall of activity on either side of 
the optimum were due to the destruction of enzyme. Therefore, the 
irreversible inactivation of the enzyme should have been minimal in 
the present investigation. 
An alternative Interpretation of these data is that the pK values 
observed from Figures 11-14 may be due to the ionization of one of the 
substrates, phosphate. If the assumption is made that the enzyme is 
not ionizing and that only the substrate is ionizing, the rate equation 
for the polysaccharide phosphorylase system would be altered as shown 
below. This equation is similar to that derived by Alberty for a one 
substrate system (20). 
EG 
EH^P EG] 
EGP 
EHP, 
EP 
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f (1 + + tÇlGT (1 + xT +15^) 
K K, 
+ (1 + %^) ^3 (1 + f- + ^ ) (21) 
^ k^(P^) ® 
*1*3 . E . KB 
(1 + ^  + IT") KJ(G)(PO) ' H 
HP is the active species of phosphate which binds with the various 
enzyme forms. is the total phosphate concentration. and 
are two ionization constants of phosphate. In this case, the log 
Vmax, log log and log vs. pH plots should show 
^ GP 
two inflection points of pK^^ and pK^, respectively. In addition, 
Kg, Kp, and K^p should remain constant for all pH values. The 
experimental results show that K^, Kp, and Kgp are not constant but 
vary as much as 3 to 10 fold with pH. Therefore, the inflection points 
observed in the log Vmax and log vs. pH plots must be attributable 
to ionization of groups in the enzyme that affects enzymic activity 
or substrate binding. The possibility that the ionization of the 
substrate, phosphate, may slightly affect the ionization of functional 
groups of the enzyme cannot be eliminated. 
Evidence for the participation of an imidazole and an a-amino 
group in the enzymic catalysis of potato phosphorylase has 
previously been obtained from pH-dependent and temperature-
dependent pH kinetic studies and chemical modification (21, 22, 23). 
Hollo, ei dl. observed apparent pKs of 5.8 and 6.9 for the binding 
of glucose 1-phosphate and amylopectin to potato phosphorylase by 
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measuring the enzymic activity in the direction of synthesis (22). 
These investigators also determined apparent pK values of 5.9 
and 7.2 for the binding of anylopectin and inorganic phosphate 
for enzymic activity measured in the direction of degradation (23). 
The results obtained in the present investigation, based on the 
direct measurement of initial velocities of the degradation of 
maltodextrin phosphorylase from E. ooViy are in agreement with 
those obtained for potato phosphorylase. 
Phosphorylase contains bound pyridoxal 5'-phosphate which 
shows an absorption maximum at 330 nm. It has been shown that 
the apoenzyme of glycogen phosphorylase exhibits no activity 
and the activity is restored when stochiometric amounts of pyridoxal 
5'-phosphate are added to the apoenzyme (24). Whether or not 
pyridoxal 5'-phosphate is actually involved in the catalytic process 
or is sinçly required for structure and conformation is yet to 
be determined. Reconstitution studies of apo-phosphorylase with 
structural analogues of pyridoxal 5'-phosphate indicate that the 
phosphate moiety is essential for the enzymic activity (25). Since 
the phosphate group of the bound coenzyme may possess an ionizable 
group with a pK of 6.1, the pK values observed in the effect of 
pH on Vmax may be attributed to this group. 
The observed pKs may differ somewhat from the true pR values 
of the functional groups, since these groups may be affected by 
the local environment in the enzyme, such as electrostatic 
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interactions, hydrogen bonding or hydrophobic bonding with neighboring 
groups. The involvement of a carboxyl group with abnormal high pK 
in the enzymic catalysis is also possible. Additional studies of 
the temperature-dependent pH kinetics would provide the information 
necessary to distinguish among the presently proposed ionizable 
groups as the imidazole of a histidine, the phosphate of pyridoxal 
5'-phosphate or a carboxyl group and would allow a better understanding 
of the active site of maltodextrin phosphorylase. 
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SUMMARY 
The kinetic mechanism of Escheviahia coti maltodextrin 
phosphorylase has been investigated by (1) initial velocity studies, 
(2) inhibition studies, and (3) isotopic exchange measurements at 
equilibrium. Rate equations for initial velocity measurements 
in the presence or absence of inhibitors and for isotopic exchange 
measurements at equilibrium have been derived for various mechanisms. 
These equations are different from the common two-substrate 
systems because one of the substrate, polysaccharide, serves 
as a reactant in both the forward and reverse reactions. Double-
reciprocal plots of initial rate measurements were linear and 
showed converging line patterns. Inhibition by maltotetraose 
was competitive with respect to maltoheptaose and mixed with 
respect to Pi; uridine diphosphate glucose was competitive 
with respect to Pi and mixed with respect to maltoheptaose. 
The equilibrium exchange rates for ^^P ^  glucose 1-phosphate 
and l^C-glucose 1-phosphate X maltoheptaose Increased when the 
concentrations of Pi and glucose 1-phosphate were increased 
(in constant ratio) at a fixed concentration of maltoheptaose. 
The exchanges also increased as a function of maltoheptaose 
concentration at a constant glucose 1-phosphate and Pi. The 
date are consistent with a rapid equilibrium random Bl-Bi 
kinetic mechanism for E. coti phosphorylase. 
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The pH dependence of kinetic parameters for maltodextrin 
phosphorylase in E. coti has been studied in the pH range 
5.6 to 8.5. The pH dependent rate equation involving eight 
ionization constants was derived for the polysaccharide phos­
phorylase system. The data indicate that an ionizable group with 
a pK value of 6.1, possibly an imidazole group of histidine or 
the phosphate moiety of the enzyme bound pyridoxal 5'-phosphate, 
may participate in the reaction mechanism. A second observed 
pK around 7.5 suggests an a-amino group may be involved in 
the substrate binding. 
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PART II. REGULATION OF MALTODEXTRIN PHOSPHORYLASE SYNTHESIS 
IN ESCHERICHIA COLI BY CYCLIC ADENOSINE 3',5'-
MONOPHOSPHATE AND GLUCOSE 
67b 
INTRODUCTION 
Evidence has been presented that culturing Esaheriohia coli 
cells in the presence of glucose results in the repression of 
many catabolic enzyme systems (26) and in the reduction of the 
intracellular level of cyclic AMP* (27). 
Cyclic AMP has been shown to reverse this repression by glucose 
(26, 28, 29) and to stimulate the biosynthesis of many inducible 
enzyme systems (26, 30). The intracellular site of action of glucose 
repression and cyclic AMP reversal of glucose repression has yet 
to be unambiguously determined. Several laboratories have presented 
evidence that cyclic AMP and glucose exert their effects on the 
induction of g-galactosidase at the level of lac oRNA synthesis 
•in vivo (28, 31) and i-n vitro (32, 33); however, other investigators 
have concluded from their data that this control is at the level 
of translation of lac roRNA into protein (34). In the case of the 
tryptophanase system in E. coH^ cyclic AMP has been reported to 
operate at the translational level (30). 
The present investigation concerns a study of the effect of 
cyclic AMP and glucose upon the induction by maltose of three 
enzyme systems involved in the utilization of maltose in E. coVVi 
maltodextrin phosphorylase, maltose permease, and amylomaltase (2, 35). 
*The abbreviation used is: cyclic AMP, cyclic adenosine 3',5'-
monophosphate. 
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The induction of each of these enzymes by maltose was observed 
to be stimulated by cyclic AMP and repressed by glucose, and 
cyclic AMP reversed the glucose repression of these enzyme systems. 
Evidence is presented that cyclic AMP and glucose act upon the 
induction of maltodextrin phosphorylase at the level of transcription. 
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EXPERIMENTAL PROCEDURE 
Materials 
Cyclic AMP, dibutyryl cyclic AMP, and proflavine were purchased 
from Sigma Chemical Company. Chloramphenicol and rifampicin were 
products of Calbiochem. ^'^C-maltose (7.0 m Ci per m mole), and 
^H-5-uracil (25.8 Ci per m mole) were purchased from Amersham/Searle 
Corporation. Maltoheptaose was prepared by digestion of amylose 
by a-amylase and then purified on paper chromatography (6). 
Esaheriekia ooti strain K-12 Hfr H was kindly supplied by Dr. Austin 
L. Taylor. Medium 63 containing glycerol (0.2%) and thiamine (5 yg/ml) 
was used routinely (36). 
Methods 
E. aoli cells were grown in Medium 63 at 37° with shaking to 
log phase. The cells were then collected by centrifugation, washed 
with 0.1 M Tris-HCl, pH 7.0, and resuspended in Medium 63 at a 
final concentration of approximately 0.5 mg/ml protein as determined 
by optical density at 650 nm (37). The induction period was 
initiated by the addition of maltose and other compounds (as 
indicated) and the cells were incubated at 37° with aeration for the 
specified period of time. In some experiments the cells were treated 
with Tris-EDTA prior to the induction period according to the 
procedure of Pastan and Perlman (30). 
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Enzyme Assays 
Phosphorylase - The preliminary results concerning phosphorylase 
activity were determined using cell-free extracts of E. ooti. After 
the induction period, the cells were collected by centrifugation, 
washed with 0.1 M Tris-HCl, pH 7.0, and resuspended in 0.04 M 
glycerophosphate-0.002 M EDTA, pH 6.8, and sonically treated with 
a Bronwill Biosonik III Sonifier. The centrifugally clarified 
sonicates were used for the determination of phosphorylase activity. 
The procedure was the same as described by Illingworth and Cori (38) 
except the glycogen was omitted and maltoheptaose(final concentration 
1%) was added. Protein was determined by the Biuret method (39). 
Kinetic measurement of phosphorylase synthesis was determined 
as follows. At the time indicated a one-ml aliquot of the culture 
was pipetted onto a membrane filter of pore size 0.8 p (Millipore, 
grade HA, Millipore Filter Company) and washed three times with 0.5 
ml of 0.04 M glycerophosphate buffer, pH 6,8. The membrane was 
transferred to a test tube containing 0.4 ml of 0.04 M glycerophosphate-
0.002 M EDTA pH 6.8 and 0.05 ml toluene. The cells were washed from 
the membrane with a vortex mixer and then incubated at 37° for 30 
minutes. Aliquots of the toluene-treated cells, were assayed for 
phosphorylase activity as described above. Bacterial protein for 
each induction time indicated was determined by measuring the O.D. 
at 650 nm (37) of an aliquot of the culture. 
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Maltose Permease - Activity was determined by a modification 
of the procedure of Wiesmeyer and Cohn (35). Induced cells were 
collected by centrifugation, washed with Medium 63, and resuspended 
in the same medium containing chloramphenicol (100 pg/ml). The 
cells were equilibrated at 37°C for 10 minutes and l^C-maltose 
(26 pM, 3.5 m Ci per m mole) was added to initiate maltose uptake. 
One-ml aliquots were withdrawn at the time indicated, filtered 
through membrane filters of 0.8 u pore size, and washed three times 
with 1-ml of 0.04 M glycerophosphate buffer, pH 6.8. The dried 
membrane was glued to the bottom of stainless steel planchet and 
the radioactivity determined using a gas flow counter equipped 
with a Micromil window (Nuclear-Chicago Model 1042). 
Amylomaltase - Activity was determined by a modification 
of the procedure of Wiesmeyer and Cohn (35). Induced cells were 
collected by centrifugation, washed with 0.02 M potassium phosphate 
buffer, pH 6.8, resuspended in the same buffer and treated with 
toluene. The toluene-treated cells were washed and resuspended 
in 0.02 M phosphate buffer pH 6.8. The cell suspension (1.2 
ml) was equilibrated at 37° and 0.05 ml of 50 mM maltose 
(chromatographically pure) was added. The reaction was terminated 
by boiling the samples for three minutes. For the zero time 
measurement, the cell suspension was boiled prior to the addition 
of maltose. The cells were removed by centrifugation and glucose 
determined in the supernatant fluid by the hexokinase-glucose-6-P 
dehydrogenase assay system. 
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RNA Synthesis 
^H-Uracil Incorporation into RNA - Cells were grown in Medium 63, 
centrifuged, washed with 0.1 M Tris-HCl buffer, pH 7.0, and resuspended 
in Medium 63. The cells were equilibrated at 37° and maltose, glucose, 
and cyclic AMP were added as indicated. After 10 minutes, ^H-uracil 
(0.1 mM; 20 y Ci per y mole) was added and incubation was continued. 
Samples (1.0 ml) were transferred (at the time indicated) to a 
tube containing 1.0 ml ice-cold 10% TCA. The samples were then 
filtered through a membrane filter of pore size O.Sy, washed with 
1.5 ml ice-cold water, dried for one minute on the filtering 
apparatus, and placed in a scintillation vial containing 15 ml 
scintillation fluid. The scintillation fluid was prepared by 
dissolving 120 g recrystallized naphthalene, 5 g PPG, and 0.25 g 
POPOP in one liter of p-dioxane. Radioactivity was determined 
using a Packard Tri-Carb liquid scintillation counter, Model 3310. 
73 
RESULTS 
Maltodextrin phosphorylase in E. ooti is induced by the presence 
of maltose in the growth medium. The amount of phosphorylase 
activity observed after one hour's exposure of the cells to various 
concentrations of maltose is shown in Figure 16. The amount of 
maltose required for half-maximal induction is about 1 to 2 mM and 
for maximal induction, 20 to 30 mM. 
Glucose repression of maltose induced phosphorylase synthesis 
is shown in Figure 17. A 83 per cent inhibition in the amount 
of phosphorylase synthesized was observed in the presence of 10 
mM glucose at the end of a one hour induction period. 
Cyclic AMP overcomes the glucose repression of phosphorylase 
synthesis whether or not the cells had been treated with Tris-EDTA. 
Figure 18 shows that the optimal concentration for cyclic AMP 
reversal of glucose repression is about 2.5 mM with a half-maximal 
response at 0.8 mM. The level of cyclic AMP used for further 
experiments was 2 mM. 
The stimulation of phosphorylase synthesis by cyclic AMP is 
specific in that other nucleotides were observed to be inactive. 
In the experiment shown in Table II, cyclic AMP (2 mM) produced 
about a two-fold increase in phosphorylase activity, whereas, 
the same concentrations of 3*-AMP, 5'-AMP, ATP, and dibutyryl-
cyclic AMP were inactive and adenosine was slightly inhibitory. 
Figure 16. Effect of maltose concentration on the induction of 
maltodextrin phosphorylase 
E. ool-i cells were grown for one hour in Medium 63 
containing maltose (at the concentrations indicated); 
cell-free extracts were prepared for the determination 
of phosphorylase activity as described in Methods. 
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Figure 17. Effect of glucose concentration on maltose-induced malto-
dextrin phosphorylase synthesis 
E. ooti cells were cultured for one hour in Medium 63 
containing maltose (20 mM), and glucose (f.s indicated); 
cell-free extracts were prepared for the determination 
of phosphorylase activity as described in Methods. 
PER CENT REPRESSION 
Figure 18. Effect of cyclic AMP on maltodextrin phosphorylase 
synthesis repressed by glucose 
E. aoli cells were cultured for one hour in Medium 63 
containing maltose (20 mM), glucose (10 mM), and cyclic 
AMP (as indicated); cell-free extracts were prepared for 
the determination of phosphorylase activity as described 
in Methods. 
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Table II Effect of various nucleotides on phosphorylase induction 
E. coli cells were incubated with 20 nM maltose, 10 mM glucose 
in Medium 63 with various nucleotides, each at 2 inM. The amount of 
phosphorylase produced during a one-hour induction period was 
measured. 
Addition Phosphorylase 
n moles Pi/min/mg 
None 199 
Cyclic AMP 321 
3'-AMP 177 
5'-AMP 174 
ATP 191 
Adenosine 122 
Dibutyryl cyclic AMP 200 
81 
The kinetics of phosphorylase induction and the stimulation 
by cyclic AMP are shown in Figure 19. Active phosphorylase appears 
after 20 to 30 minutes exposure of the cells to maltose (20 mM). 
The presence of cyclic AMP results in a shortening of the lag 
period and a stimulation of the rate of phosphorylase synthesis. 
Figure 20 shows the effect of glucose on the rate of phosphorylase 
synthesis. The presence of glucose results in a rate of synthesis 
comparable to that observed in the absence of the inducer, and 
cyclic AMP completely reverses the glucose effect. 
Cyclic AMP might regulate maltose-induced phosphorylase 
synthesis at the level of transcription of DNA into mRNA or 
at the level of translation of mRNA into protein. In order 
to investigate the site of cyclic AMP action, phosphorylase was 
induced with maltose for 30 minutes, then rifampicin (10 îjg/inl) 
was added to inhibit DNA-dependent RNA synthesis (Fig. 21). 
The amount of phosphorylase activity observed did not increase 
after 15 minutes exposure of the cells to rifampicin which is 
evidence that inhibition of mRNA synthesis is essentially complete. 
Addition of cyclic AMP after that of rifampicin had no effect on 
phosphorylase synthesis as compared to the stimulation observed 
in the absence of rifampicin. Thus, cyclic AMP does not stimulate 
production of phosphorylase in the absence of mRNA synthesis. 
Similar results were obtained with proflavine, another inhibitor 
of DNA-dependent RNA synthesis. Cyclic AMP has no effect on 
phosphorylase synthesis when added to cells which were induced 
Figure 19. Effect of cyclic AMP on maltodextrin phosphorylase induc­
tion 
E. aoti cells were incubated from zero time in Medium 63 
containing maltose (20 mM) in the absence (0) and presence 
(•) of 2 mM cyclic AMP. Toluene-treated cells were used 
for the determination of phosphorylase activity. 
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Figure 20. Effect of maltose, glucose, and cyclic AMP on the rate of 
maltodextrin phosphorylase synthesis 
E. aoZi cells were incubated from zero time in Medium 63 
containing the following additions: (•) none; (0) 20 uiM 
maltose; (A) 20 mM maltose, 20 mM glucose; (A) 20 mM mal­
tose, 20 mM glucose, and 2 mM cyclic AMP. Toluene-treated 
cells were used for the determination of phosphorylase 
activity. 
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Figure 21. Effect of cyclic AMP on phosphorylase induction in 
rifampicin-treated cells 
E. odli, cells were incubated from zero time in Medium 63 
containing maltose (20 mM). After a 30-minute incubation 
period, the culture was divided into four portions and 
the following additions were made (0) none, (A) 2 nM cyclic 
AMP, (•) 10 pg/ml rifampicin, and (A) 10 yg/ml rifampicin 
and 2 mM cyclic AMP. The broken portion of the curve 
represents the time required for dividing the culture. 
Toluene-treated cells were used for the determination of 
phosphorylase activity. 
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with maltose for 50 minutes and then treated with proflavine 
(50 yg/ml) (Fig. 22). 
Since cyclic AMP failed to stimulate phosphorylase synthesis 
that had been inhibited by rifampicin or proflavine, another approach, 
that of Inducer removal, was employed to prove that cyclic AMP 
control does not occur at the translational level. Cells were 
exposed to maltose for 40 minutes, then the inducer was removed 
by centrifugation and resuspension of the cells in Medium 63 
containing rifampicin (10 ug/ml). The subsequent addition of 
glucose or cyclic AMP had no effect on phosphorylase synthesis 
(Fig. 23). The results of this experiment agree with those 
observed for rifampicin (Fig. 21) and proflavin (Fig. 22), where 
the inducer was present, and show that cyclic AMP does not regulate 
the synthesis of this enzyme in the absence of phosphorylase 
mWJA production. Thus it appears that cyclic AMP acts prior to 
the translational step in the case of phosphorylase synthesis. 
Since cyclic AMP reverses the glucose repression of phosphorylase 
synthesis, it was of interest to determine whether or not glucose 
acts at the same or at different steps of cyclic AMP in the 
sequence of the synthesis of phosphorylase. Experiments parallel 
to those conducted to study the site of cyclic AMP action are 
presented in Figures 23 and 24. Glucose had no effect upon the 
formation of phosphorylase after the removal of the inducer 
(Figure 23) or in the presence of the inducer (Figure 24) after 
the addition of rifanq>icin. 
Figure 22. Effect of cyclic AMP on phosphorylase induction in 
proflavine-treated cells 
The procedure and conditions were the same as for Figure 
21, except the rifampicin was omitted and 50 yg/ml 
proflavine was added. 
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Figure 23. Effect of glucose and cyclic AMP on phosphorylase synthesis 
after inducer removal 
E. ooti cells were incubated from time zero in Medium 63 
containing maltose (20 mM). After 40 minutes incubation, 
the cells were collected by centrifugation and resuspended 
in Medium 63 containing rifampicin (10 yg/ml), and the 
following additions: (0) none; (A) 20 mM glucose; (A) 20 
mM glucose and 2 mM cyclic AMP. The broken portion of the 
curve represents the time required for centrifugation and 
resuspension. 
PHOSPHORYLASE/ ymoles Pi/min/mg protein 
CD CD CD 
CD 
z 
c= 
—I 
m 
oo CD 
CD 
CO 
O 
Figure 24. Effect of glucose on the synthesis of phosphorylase after 
the addition of rifampicin 
E, coVL cells were incubated from zero time in Medium 63 
containing maltose (20 mM). After 30 minutes, rifampicin 
(10 pg/ml) was added; glucose (20 mM) was added 2 minutes 
later. The conditions were as follows (0) no additions; 
(A) rifampicin; (A) rifampicin and glucose. 
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Additional evidence that cyclic AMP and glucose affect the 
transcription of phosphorylase mRNA is presented in Figure 25. 
Phosphorylase activity presented in this figure represents that 
observed after the cells had been diluted 6-fold into Medium 63 
containing rifampicin (4 yg/ml), and protein synthesis allowed to 
continue for 30 minutes in the absence of additional mRNA synthesis 
due to diluting out the inducer and inhibiting RNA synthesis. The 
addition of glucose 15 minutes after the initiation of induction 
with maltose inhibited phosphorylase synthesis and the addition 
of cyclic AMP 15 minutes after the addition of glucose reversed 
this inhibition and stimulated the rate of synthesis above that 
of the control. Since diluting the cells also resulted in a 
dilution of glucose and cyclic AMP, these compounds exerted their 
effect prior to the termination of mSNA synthesis. Thus, cyclic 
AMP and glucose regulate phosphorylase at the level of transcription. 
Transient repression by glucose of induced enzyme synthesis 
may be distinguished from catabolite repression by observing 
the effect produced by substituting non-metabolizable glucose 
analogues for glucose (28, 40). Phosphorylase induction is 
repressed by 2-deoxy glucose (20 mM), and cyclic AMP (4 tnM) 
overcomes this repression (Fig. 26). Similar results were also 
obtained with a-methyl glucoside (20 mM). 
Pyridoxal 5'-phosphate inhibits adenyl cyclase in vitro 
(41); therefore, the effect of pyridoxal phosphate on phosphorylase 
Figure 25. Effect of glucose and cyclic AMP on transcription 
E. coTA. cells were incubated in the presence of 20 mM 
maltose from zero time. At the times indicated by the 
arrows 20 mM glucose and 3 mM cyclic AMP were added. 
Samples were removed at the times indicated and diluted 
with 6-volumes of medium containing 4 ug/ml rifampicin 
and incubation was continued for 30 minutes more. 
Chloramphenicol (100 yg/ml) was then added to each 
sample. The conditions were as follows: (0) no additions, 
(A) glucose, (A) glucose and cyclic AMP 
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Figure 26. Effect of deoxy-glucose on phosphorylase induction 
E. aoli cells were incubated from zero time in Medium 63 
containing (0) 20 mM maltose; (A) maltose and 20 mM 
deoxy-glucose; (à) maltose, deoxy-glucose, and 4 mM cyclic 
AMP. 
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synthesis was determined. Figure 27 shows that phosphorylase 
production is inhibited by 3 mM pyridoxal phosphate in the presence 
of maltose, and cyclic AMP (4 mM) reverses this inhibition. Similar 
results were obtained with 1 mM pyridoxal phosphate. Higher levels 
of pyridoxal phosphate (6 and 10 mM) inhibited cell growth. E. 
coti maltodextrin phosphorylase contains one mole of pyridoxal 
phosphate per mole of enzyme (2); however, the physiological 
significance of pyridoxal phosphate on the intracellular level 
of cyclic AMP and phosphorylase induction has yet to be determined. 
Wiesmeyer and Cohn (35) and Schwartz and Hofnung (2) reported 
that maltose induces three enzymes in E. aoti which are concerned 
with the utilization of maltose. Maltose permease promotes 
the active uptake of maltose, amylomaltase converts maltose 
to glucose and a polymer consisting of a-l,4-glucoside units, 
and maltodextrin phosphorylase catabolizes maltodextrins. Since 
these enzymes are all induced by maltose, it was of interest to 
determine if maltose permease synthesis, amylomaltase synthesis 
were also regulated by glucose and cyclic AMP. 
Figure 28 shows the maltose permease activity which was 
present in E. aoli cells after a two-hour induction period. 
The rate and extent of maltose uptake into whole cells was 
greatly enhanced if the cells had been cultured in the presence 
of inducer with or without glucose and cyclic AMP as compared 
to that observed for cells cultured in the presence of inducer 
Figure 27. Effect of pyridoxal 5'-phosphate and cyclic AMP on 
phosphorylase induction 
E. ool-i cells were incubated from zero time in Medium 63 
containing (0) 20 mM maltose; (A) maltose and 3 mM. 
pyridoxal 5'-phosphate and (A) maltose, pyridoxal 5'-
phosphate, and 4 mM cyclic AMP. 
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Figure 28. Effect of maltose, glucose, and cyclic AMP on the induction 
of maltose permease 
E, ooli- cells were cultured for two hours in Medium 63 
containing the following additions: (0) none; (®) 20 mM 
maltose; (A) maltose and 20 mM glucose; and (4) maltose, 
glucose, and 2 mM cyclic AMP. The cells were collected 
by centrifugation, washed, and resuspended in Medium 63 
and 100 yg/ml chloramphenicol. ^^C-Maltose uptake was 
determined as described in Methods. 
MALTOSE PERMEASE/ nmoles ^^C-maltose/mg protein 
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and glucose. The maltose permease activity of the glucose-
repressed cells was approximately that of cells cultured in the 
absence of inducer. Maltose, glucose, and cyclic AMP affected 
the production of amylomaltase in a similar manner with cyclic 
AMP reversing the glucose repression of maltose induction 
(Figure 29). 
A summary of the effects of maltose, glucose, and cyclic AMP 
upon the synthesis of maltose permease, amylomaltase, and 
maltodextrin phosphorylase is shown in Table III. The synthesis 
of each of these enzymes during a two-hour induction period was 
repressed 60 to 80% by glucose as compared to the amount of 
enzyme synthesized In the presence of only maltose. Cyclic 
AMP completely reverses the glucose repression of each of these 
enzymes. 
Sypherd, Strausç, and Treffers (42) reported that induced 
enzyme synthesis is preferentially inhibited by low concentrations 
of chloramphenicol. Their data shewed that not all inducible 
enzyme synthesis was affected to the same extent by this 
antibiotic. Table IV shows that maltose permease, amylomaltase, 
and maltodextrin phosphorylase production was inhibited 85, 77, and 
28%, respectively, by the presence of chloramphenicol (0.8 jig/ml) 
during the induction period. Total cell growth was inhibited 
less than 10% in this experiment. Glucose and chloramphenicol 
inhibits the synthesis of maltose permease and amylomaltase to 
a greater extent than the synthesis of maltodextrin phosphorylase. 
Figure 29. Effect of maltose, glucose, and cyclic AMP on the induction 
of amylomaltase 
E. coZi. cells were cultured as described in Figure 28. 
Amylomaltase was determined as described in Methods. 
Induction conditions were (0) no supplement, (•) maltose, 
(A) maltose and glucose; (A) maltose, glucose, and cyclic 
AMP. 
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Table III Effect of maltose, glucose, and cyclic AMP on the enzyme 
systems related to maltose utilization 
E. ooti, cells were cultured for two hours in Medium 63 and the 
additions listed below; then the activity of the various enzymes was 
detemined as described in Methods. 
Maltose Glucose 
Cyclic 
AMP 
Maltose 
Permease 
Amylo-
maltase 
Phosphoryl-
ase 
mM mM mM n moles 
maltose/ 
min/mg 
n moles 
glucose 
min/mg 
n moles Pi/ 
min/mg 
None None None 0.98 
0 
54 
50 
20 None None 23.0 
2.9 
153 
298 
20 20 None 5.8 
0.6 
65 
86 
20 20 2 22.4 
6.9 
152 
425 
109 
Table IV Effect of low concentrations of chloramphenicol on the 
synthesis of three maltose-induced enzymes 
E. ooZi cells were cultured two hours in Medium 63 and the 
additions indicated below. Enzymic activities were determined as 
described in Methods. 
Maltose Chloram- Maltose Amylo- Phosphorylase 
phenicol Permease maltase 
mM yg/ml n moles 
maltose/ 
min/mg 
n moles 
glucose/ 
min/mg 
n moles Pi/min/mg 
None None 1.6 0 46 
None 0.8 0.6 0 28 
20 None 14.4 6.65 330 
20 0.8 9.2 1.54 240 
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The absolute effect of maltose, glucose, and chloramphenicol on 
the induction of these enzymes is difficult to assess because 
of the variable amount of phosphorylase activity routinely 
observed in non-induced cells and may be due to constitutive 
glycogen phosphorylase. The results also suggest that maltose 
permease and amylomaltase may be more closely linked genetically 
to each other than to maltodextrin phosphorylase. 
The effect of maltose, glucose, and cyclic AMP upon the rate 
of incorporation of ^H-5-uracil into RM is shown in Table V. 
Although glucose stimulated uracil incorporation, maltose and 
cyclic AMP had no effect as compared to the controls. Similar 
results have been reported by de Crombrugghe et al. (26) in 
the study of the effect of glucose and cyclic AMP on the rate 
of UNA synthesis in the absence of any inducer. 
Ill 
Table V Effect of maltose, glucose, and cyclic AMP on RNA Synthesis 
Cells were cultured in Medium 63. Aliquots were incubated 10 
minutes with the supplements indicated below. ^H-Uracil (10 ^  M; 
20)i Ci per y mole) was added, and incubation was continued. Samples 
were removed for the measurement of ^H-uracil incorporation and cell 
density at 2, 5, 10, 20, and 30 minutes. Rates of RHA Synthesis were 
estimated during the first 10 minutes, during which time the incorpora­
tion of ^H-uracil into RNA was approximately linear. 
Maltose Glucose Cyclic AMP ^H-Uracil Incorporation 
mM mM mM p moles per min 
per mg protein 
None None None 5.0 
20 None None 5.5 
20 20 None 7.7 
20 
1 
20 2 7.8 
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DISCUSSION 
Cyclic AMP stimulates the synthesis of induced maltodextrin 
phosphorylase and overcomes the glucose repression of this 
enzyme in the strain of E. aoti used in this investigation. 
The concentration of cyclic AMP (2-3 mM) required to completely 
reverse the repression of phosphorylase synthesis exerted 
by glucose (10 mM) is within the range of that reported for 
other inducible enzymes. Tao and Schweiger (29) reported 
the concentration of cyclic AMP, in the absence of glucose, 
required for maximal stimulation of galactokinase synthesis 
in E. aoti strain B78A (R ) to be 1 mM; whereas, Perlman 
et al. (43) reported a concentration of cyclic AMP as high 
as 100 mM was required for maximal stimulation of the same 
enzyme in E. coli, strains X7700 and X8047. By contrast, 
tryptophanase (30) and g-galactosidase (28) synthesis in 
Crooke's strain of E. coli showed maximal stimulation in the 
presence of 0.3 to 0.4 mM cyclic AMP. Pastan and Perlman (30) 
also reported that cyclic AMP stimulates the synthesis of this 
enzyme in these cells if they are treated with Tris-EDTA 
or subjected to glucose repression. In our investigation, no 
difference in the effect of cyclic AMP effect was observed 
whether or not the cells were pretreated with Tris-EDTA. 
A lag period of 10 to 30 minutes usually preceded the 
appearance of maltodextrin phosphorylase after the addition of 
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maltose. This lag period may reflect the time required for 
inducer accumulation or for utilization of trace amounts of 
glucose in the commercial maltose. The phosphorylase activity 
observed in cells cultured in the absence of inducer was 
relatively constant and may reflect the activity of glycogen 
phosphorylase, a constitutive enzyme in E. colt- (1). 
Glucose, added simultaneously with maltose or 15 minutes 
after maltose, repressed maltodextrin phosphorylase synthesis. 
This repression is gradually relieved after prolonged incubation 
and is completely reversed by cyclic AMP. Effects similar 
to those observed with glucose and cyclic AMP are also produced 
by 2-deoxy glucose and a-methyl glucoside with and without 
cyclic AMP. Both types of glucose repression, catabolite (34) 
and severe transient (28, 31), are reversed by cyclic AMP. 
The repression by glucose of phosphorylase induction that 
we observed reflects primarily the severe transient repression 
since glucose was added to cells growing on glycerol as the 
carbon source and the non-metabolizable sugars, 2-deoxy glucose 
and a-methyl glucoside, simulated the glucose effect. The 
stimulation of phosphorylase synthesis by cyclic AMP in the 
absence of glucose suggests that the cyclic AMP effect was not 
secondary to some effect of the nucleotide on glucose metabolism. 
The mechanism of glucose repression of enzyme induction is 
not known yet; however, Tyler and Magasanik (44) have shown 
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that transient repression of catabolic enzymes in E. ooli 
may be produced by compounds other than glucose and that 
the conditions necessary for transient repression were that 
the cell be presented exogenously with a new compound that 
can be brought rapidly across the cell membrane and that 
the cell possess a functional enzyme I of the PEP-denendent 
phosphotransferase system. These investigators have also 
shown (45) that both transient repression and catabolite repression 
prevent the synthesis of B-galactosidase-specific ribonucleic 
acid and they propose that both types of repression may be 
due to the action of a common intracellular effector. 
The inhibition of phosphorylase induction by pyridoxal 
phosphate may be mediated by the same or different intracellular 
effectors than the glucose repression. Makman and Sutherland 
(27) found that in Crooke's strain of E. aoli. the intracellular 
levels of cyclic AMP are elevated in starved cells and cyclic 
AMP is released into the medium when glucose is subsequently 
added. Ide (41) demonstrated an adenyl cyclase activity in 
the particulate fraction of the cell-free extract of Crooke's 
strain of E. coin, and reported that pyridoxal phosphate at 
a concentration of 1 mM caused an 80% inhibition of this 
enzyme activity in vitvo. The physiological significance of 
the in vitro inhibition of adenyl cyclase by pyridoxal phosphate 
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has yet to be determined. Our observation that cyclic AMP reverses 
the pyridoxal phosphate inhibition of phosphorylase synthesis 
suggests this inhibition may be the result of inhibiting 
adenyl cyclase thus lowering the intracellular concentration 
of cyclic AMP. A determination of the intracellular concentration 
of cyclic AMP in the presence and absence of pyridoxal phosphate 
might provide a better understanding of the effect of pyridoxal 
phosphate observed in this investigation. 
In order to study the mechanism of cyclic AMP stimulation 
and glucose repression of phosphorylase synthesis, the effect 
of these compounds on pretranslational and translational events 
in the biosynthesis of proteins was investigated. Rifampicin, 
which inhibits the initiation of (46), and proflavine, which 
inhibits the elongation of DNA-dependent RNA synthesis, were 
used to segregate the events of transcription and translation. 
Cyclic AMP stimulates phosphorylase synthesis in the absence 
of rifampicin or proflavin, but cyclic AMP has no effect when 
added to pre-induced cells in which mRNA synthesis has been 
arrested by rifampicin or proflavine. Further evidence that 
cyclic AMP does not act at the translational step comes from 
experiments in which the inducer was removed from the pre-
induced cells by centrifugation and resuspension before the 
introduction of cyclic AMP. Rifampicin addition to these cells 
insured that no additional phosphorylase synthesis would result 
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from endogenous maltose in the unwashed cells. Cyclic AMP 
showed no effect on phosphorylase production after inducer 
removal; therefore, cyclic AMP appears not to act at the 
posttranscriptional step. Similarly, glucose also showed no 
effect on phosphorylase synthesis when substituted for cyclic 
AMP in experiments parallel to those described above. 
Results of a study of the effects of cyclic AMP and glucose 
on transcription of phosphorylase mRNA according to the pro­
cedure of Jacquet and Kepes (31) show that these compounds do 
exert their effect prior to the termination of mRNA synthesis 
of rifampicin. The presence of glucose and cyclic AMP during 
induction prior to the dilution of the culture to lower the 
effective concentration of maltose, glucose, and cyclic AMP 
and the addition of rifampicin to prevent further phosphorylase 
mRNA synthesis affected the amount of phosphorylase produced 
in a manner similar to the results observed without dilution 
or addition of rifampicin. Thus, cyclic AMP and glucose 
control phosphorylase synthesis prior to the termination of 
messenger RNA synthesis. 
Maltose not only induces maltodextrin phosphorylase but 
also maltose permease and amylomaltase (35). Glucose represses 
both of these enzymes and cyclic AMP overcomes this repression. 
Low concentrations of chloramphenicol (0.8 pg/ml) also significantly 
inhibit the formation of maltose permease, amylomaltase, and 
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maltodextrln phosphorylase without appreciable inhibiting cell 
growth. Sypherd and Strauss (47) demonstrated that the operator 
gene of the 6-galactosidase operon was involved in the chlor­
amphenicol repression of B-galactosidase. The results presented 
here suggest that maltose permease, amylomaltase and maltodextrin 
phosphorylase may be closely linked genetically and co-ordinately 
controlled by maltose, glucose and cyclic AMP; however, more 
definitive evidence will require genetic mapping of the genes 
for these enzymes. 
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SUMMARY 
Cyclic AMP stimulates the rate of maltodextrin phosphorylase 
synthesis in Esohevidhia coli cells induced with maltose. A 
maximal effect occurs at 2-3 mM cyclic AMP. The action of 
cyclic AMP is specific in as much as ATP, 3'-AMP, 5'-AMP, 
adenosine and dibutyryl cyclic AMP were inactive. Glucose 
represses maltodextrin phosphorylase synthesis and cyclic AMP 
reverses the effect. Cyclic AMP also overcomes the transient 
repression of maltodextrin phosphorylase synthesis produced by 
a-methyl glucoside or 2-deoxy glucose as well as the inhibition 
of enzyme synthesis by pyridoxal 5'-phosphate. 
Cyclic AMP fails to stimulate phosphorylase production in 
cells in which mRNA synthesis has been arrested by inducer 
removal or rifampicin or proflavine addition. Glucose also has 
no effect on phosphorylase production after the addition of 
rifampicin. Direct evidence shows that glucose represses mRNA 
synthesis of phosphorylase and cyclic AMP overcomes its effect 
to above the control level; therefore, cyclic AMP appears to 
participate in the regulation of phosphorylase mRNA synthesis 
at the transcriptional level. 
The two other enzymes involved in the metabolism of maltose, 
amylomaltase and maltose permease, are also induced by maltose 
in this strain of E. ooti and affected by glucose and cyclic AMP 
in a manner similar to phosphorylase. 
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Low concentrations of chloramphenicol (0.8 ug/ml) inhibits 
the induction of phosphorylase, amylomaltase and maltose permease. 
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